Abstract: Urbanized areas of the southwestern/western United States are among the fastest growing in the nation and face multiple water resource challenges. Low impact development (LID)/green infrastructure (GI) practices are increasingly popular technologies for managing stormwater; however, LID is often not as common in the southwest/west due to the lack of regulatory and/or economic drivers. There is also a lack of performance evaluation of these practices, particularly at the field scale. This study focused on investigating the hydrologic and pollutant removal performance of field-scale LID/GI systems in arid/semi-arid climates. Nine typical practices were reviewed: rainwater harvest system, detention pond, retention pond, bioretention, media filter, porous pavement, vegetated swale/buffer/strip, green roof, and infiltration trench, as well as integrated LIDs. We evaluate these practices by a cost-effectiveness analysis and also recommend best practices for the arid/semi-arid area. The analysis provides data support and insights for future implementation of LID/GI in the southwest/west.
Introduction
Low impact development (LID) is an approach to land development (or redevelopment) that works with nature to manage stormwater as closely to its source as possible. Green infrastructure (GI) uses natural hydrologic features to manage water and provide environmental and community benefits. Many municipalities are now implementing LID or GI programs known for their benefits in reducing stormwater runoff and nonpoint source pollution. Many of these techniques were developed and evaluated mainly in the eastern United States [1] , where rainfall is abundant. Few studies have focused on the arid and semi-arid regions of the western/southwestern U.S. because of the perception that LID or stormwater control is useless in a region with so little annual precipitation [2] .
In the western/southwestern U.S., precipitation mainly occurs during two periods: long-duration/low-intensity rainfall in winter and short-duration/high-intensity rainfall in summer. Mobile solutes accumulate during dry periods and are flushed from upland soil to surface waters during storm events [3, 4] . Although the rainfall is episodic in this region, studies indicate that solute flushing from semi-arid uplands and hill slopes in response to summertime rainfall results in elevated streamflow solute concentrations and sediment transport [5, 6] . In addition, watersheds in the desert west/southwest often release water almost immediately after a storm [7] due to sparse vegetation, steep topography, complex soils and rapid land development changes.
Lewis and Grimm [8] proved the "N build and flush" hypothesis in the central Arizona-Phoenix metropolitan area, which states there is little biotic processing of N deposited to arid urban surfaces with little organic matter, and that overland flow entrains nearly all mobilizable N and exports it from the catchment. They also found nitrate loads were greater for more impervious catchments, which could be attributed to increased short-term build-up of N in a mobilizable phase and increased runoff as overland flow. They suggested that, even with daunting seasonal and interannual variability in storm conditions, material export (e.g., nitrogen) can be reduced by managing intrinsic catchment features.
In the Las Vegas Valley, Reginato and Piechota [9] indicated that high nutrient loads from high rainfall in summer 2000 and winter 2001 may have contributed to Lake Mead's algal bloom in spring 2001. Nonpoint source total phosphorus (TP) loads were approximately 15% of total loads to receiving waters, primarily from nonpoint source runoff during the wet period. Additionally, the TP level exceeded the value assumed by the Nevada Division of Environmental Protection (NDEP) and approached permitted loads from wastewater treatment plants that discharge into the Las Vegas Wash.
In semi-arid southern California's Tijuana River Basin, deteriorating water quality has been associated with increasingly intensive urban development. The toxicity of waters in the Tijuana River was generally low under baseflow conditions, but greatly increased during high flow events [10] . Urban stormwater runoff is also a major source of contaminants in southern California's coastal waters and toxic stormwater plumes have been found to result from stormwater discharge into Santa Monica Bay [11] , San Diego Bay [12] and Newport Bay [13, 14] .
Stormwater management in the western/southwestern U.S generally focuses on rapid removal of stormwater through straightened and, frequently, lined channels with little consideration for water quality impact. Stormwater management has actually impaired the surface water [1] . For example, fecal coliform and E. Coli have been identified as pollutants of concern [15] and their concentration levels increased in many western rivers with storm runoff [16] .
The fastest-growing urbanized regions in the country [17] [18] [19] from the western and southwestern U.S. have also been identified as the most persistent hotspots due to climate change associated with higher precipitation variability and higher temperatures [20, 21] . Increasing evidence also suggests that, due to current warming trends, socioeconomic and natural systems of the western and southwestern US will likely be affected by more intense precipitation extremes [22, 23] . Larger floods may cause more elevated solutes and nutrients in stormwater runoff more quickly [1, 24] . To protect this ecologically sensitive region, design recommendations for LIDs are urgently needed
The objectives of this study are to: (1) review field performance studies of LID/GI practices in the western/southwestern U.S.; (2) analyze effectiveness of the practices, summarize benefits, and highlight research needs; (3) compare effectiveness of the reviewed practices ; and (4) make recommendations for future implementation. This study will provide insights to guide LID/GI implementation in the western/southwestern U.S.
Methods and Procedures

Study Area
Arid and semi-arid regions of the western/southwestern U.S are defined by the United States Climate Regions, classified by the National Oceanic and Atmospheric Administration (NOAA). West refers to California and Nevada, and southwest refers to Utah, Colorado, Arizona, and New Mexico.
Evaluation of Benefits/Effectiveness of Low Impact Development/Green Infrastructure (LID/GI) Practices
The effectiveness of LID/GI was evaluated by runoff reduction and pollutant removal. Runoff reduction was calculated using Equation (1) and pollutant removal was evaluated by concentration/ load reduction rate, which is calculated using Equations (2) 
In this study, reduction is considered significant if the concentration reduction rate is greater than 50% or the load reduction greater than 70%; concentration reduction is a more conservative criterion than load reduction due to flow reduction. If multiple design formats are available for a particular LID practice, the format with the greatest effectiveness is selected to represent the practice's full potential. Design differences will also be described for future implementation.
Water quality constituents in this review were selected based on constituents listed in the national drinking water standard [25] . All constituents and their abbreviations are summarized in Table 1 . 
A Review of LID/GI Practices
Rainwater Harvest System
Definition and Applicability
Rainwater harvest (RWH) systems collect and store rainfall for later use. An RWH system is designed to slow and reduce runoff as well as provide irrigation water, reduce water bills and conserve municipal water supplies. It may be particularly attractive in arid/semi-arid regions where it can reduce demands on increasingly limited water supplies. The system includes active storage of collected water in a receptacle, or changing surface topography to slow/capture runoff to increase water storage for sediments [26] .
The city of Tucson, AZ [27] published a Water Harvesting Guidance Manual which identified principles of stormwater runoff harvesting and explained its benefits in reduc ing site discharge, erosion, pollutant transport, and dependence on conventional stormwater management practices, as well as reducing costs.
Benefits/Effectiveness
DeCook and Foster [28] assessed the technical possibility for harvesting rainfall in Tucson's urban area. They indicated that local characteristics of rainfall must be determined to design and operate the RWH system efficiently. Factors included annual rainfall amount and distribution, monthly rainfall distribution, rainfall intensity and duration, and quality of rainfall relative to its intended use. With diminishing supplies of groundwater (Tucson's primary municipal water source), t hey suggested that harvested rainfall and runoff are attractive, technically feasible alternatives. A systematic plan to divert runoff also provided an opportunity to enhance groundwater recharge and, concurrently, reduce flood hazards during extreme runoff events.
Karpiscak et al. [29] conducted a four-year study on a single-family residence in Tucson to study potential benefits of rainwater harvesting, water-conserving fixtures, and graywater reuse. Tucson's rainfall patterns are characterized by summer storms (monsoons) and winter rains, with an average rainfall of approximately 280 mm per year. The storage capacity of the RWH system was approximately 8000 gallons, with actual stored rainwater varying from 491 gallons in July 1986 to 8284 gallons in April 1987. They found efficient use of water could significantly decrease demand for domestic water at the residence without reducing quality of life. On average, municipal water use was reduced by 66 percent, total household use by 27 percent, and graywater reuse averaged approximately 32 percent of total household use. There were also dry years, however, when rainwater supplies were exhausted which limited the system's operation.
Jensen [30] conducted a study in the Salt Lake City, UT metropolitan area (average annual rainfall 472 mm), assessing performance of an RWH system and its feasibility under western water laws. Daily water balance analysis indicated that captured rainfall could supply 2 % to 10% of water use of a single-family residence. Monthly data analysis showed an 8500-gallon tank would serve outdoor water use for a small residence, although greater storage capacity might be needed in wet winter months. A neighborhood-scale RWH system could pay off tank construction costs in just five months, while the same practice at single residence-scale would take more than 30 years. Neighborhood RWH conservation would require approval for the water rights, however, which is often the most significant impediment to large-scale implementation of RWH in the west.
An RWH system was recently implemented in Denver, Colorado (Piza, personal communication) . A 3000-gallon cistern collects rainwater from the roof of a school building which is then used to irrigate adjacent landscape areas; the building roof is 0.07 ha, most of which drains to this cistern. The system has a real-time connection to NOAA Weather forecasting that enables it to purge water in advance of a storm event to make more volume available for the forecasted event; this increases capture but also decreases volume available for irrigation. Data show that in 2012 and 2013, the system captured 45% of total runoff volume while supplying 69% of irrigation demand. It should be noted that the site received 100-year rainfall in September 2013 which greatly reduced the percent capture; when excluding that event from the data, the system captured 75% of the total rainfall.
Steffen et al. [31] quantified the water supply and stormwater management benefits of residential RWH in 23 U.S. cities across seven climatic regions. Their study was based on long-term rainfall records, historical water use data and model simulation using the Storm Water Management Model (SWMM). Water supply benefits were represented by water-saving efficiency at a residential parcel, which depended on cistern size and climatic pattern. A single rain barrel (190 L/50 gal) installed at a residence can provide approximately 50% water-saving efficiency for nonpotable indoor water demand scenarios in cities of the East Coast, Southeast, Midwest, and Pacific Northwest, but less than 30% in cities of the Mountain West, Southwest, and most of California. Stormwater management benefits are quantified by runoff reduction at a residential drainage catchment scale. Results showed RWH can reduce stormwater runoff volume by up to 20% in semi-arid regions using the SWMM based on long-term simulation.
Cost Analysis
Costs of RWH range from hundreds of dollars to tens of thousands, depending on the scale, water use, and end user water quality requirements. Currently, there is limited information about the whole life cycle cost and benefits of RWH at a municipal or watershed scale [32] . Recent work sponsored by the Water Environment Research Foundation and the EPA produced a set of whole life cycle cost tools for BMP and LID [33] which should be incorporated into life cycle cost assessment to aid future decisions-to implement LIDs.
Summary and Future Development Trends
Collecting rainwater is an excellent method of conserving water and controlling stormwater; however, water laws may be the most significant impediment to large-scale implementation of RWH in the western/southwestern U.S. [30, 32, 34] . While making western water laws amendable to RWH has been a recent topic in western state legislatures, there is also a need to revise building and development codes for RWH implementation. A number of cities and counties including Tucson, AZ and Santa Fe County, NM recently developed rainwater collection requirements for new construction. And finally, the cost and effectiveness of RWH should be assessed at site level as well as neighborhood and municipal levels, under a range of conditions, to facilitate urban planning [32] .
Detention (Dry) Pond
Definition and Applicability
Dry detention ponds (also known as dry ponds and extended detention basins) have outlets designed to detain stormwater runoff for a minimum of 24 h to allow particles and associated pollutants to settle. Unlike wet ponds, they do not maintain a large, permanent pool of water [35] .
Dry detention ponds (DPs) are one of the most feasible and widely used stormwater practices in arid/semi-arid regions since they do not require a permanent pool of water [36] . Most were designed exclusively for flood control, but can be easily modified for greater treatment of stormwater quality.
While dry DPs are not noted for their ability to remove soluble pollutants, they are reasonably effective in removing sediment and other pollutants associated with particulate matter. In addition, they play key roles in downstream channel protection if an appropriate design is selected that incorporates adequate upstream pretreatment.
Benefits/Effectiveness
Piza et al. [37] studied the long-term performance of a dry DP at the Grant Ranch in Denver, Colorado with regard to runoff volume reduction and stormwater quality. The dry DP was the first step in a train approach to treating stormwater from residential development. The study watershed is 7.6 ha with site imperviousness of 51% and Hydrologic Soil Group C. The study area contained single-family residences, paved roads, and open space. Volume reduction was not calculated due to flow measurement errors. Based on a ten-year observation, significant reductions in TSS and Tot. Zn were found, while the dry ponds also showed potential in controlling E. Coli. (Table 2) . Table 2 . Pollutant removal rates of dry detention pond case study one **.
Constituents Average Influent Concentration
Average Effluent Concentration
28,472 6099 79% 47%
Note: * Average concentration reduction was calculated based on average influent/effluent concentrations; 50th event-based reduction rate was calculated based on each storm event. ** Data su mmary was based on reference [37] .
In Logan, Utah, Yang et al. [38] evaluated field performance of a detention basin; the study site is 0.135 ha with 85% impervious area and Hydrologic Soil Group B. Average TSS reduction rate was reported as 80% which decreased with increasing impervious cover in the contributing watersheds.
In California, dry DPs were implemented at five sites (three in Los Angeles and two in San Diego) located within highway rights-of-way and with runoff collected exclusively from the highway [39] ; annual average rainfall depths of the two locations were 25.4 mm and 40.5 mm, respectively. Site areas ranged from 0.4 to 5.42 ha with impervious percentage from 28% to 100%. The ponds were best at removing particulate constituents, but removal of nutrients and dissolved metals was comparatively modest. And pond material affected removal efficiency: earthen ponds had higher removal efficiencies than concrete-lined basins. Significant reduction was observed for TSS, Tot. Cu, Tot. Pb, Tot. Zn, particulate Cu, particulate Pb, and particulate Zn using earthen dry DPs as shown in Table 3 ; nutrient removals were not significant. Concrete-lined basins generally did not show significant reductions.
The highest load reductions were often attributed to high infiltration occurring at the site during small rainfall events. Infiltration amounts are often affected by soil, climatic conditions and local water table elevation in the earthen basin [39] . Note: * EM C = Event Mean Concentration. ** The concentration reduction was co mputed based on average mean EM C during the study period. *** Load reduction was computed based on total estimated wet season influent and effluent runoff volumes for all sites, and reported concentrations shown in the table. **** Data summary was based on reference [39] .
Cost Analysis
Caltrans [39] provided a cost analysis of a dry DP, with construction costs ranging from $91,035 to $356,300 (average of $172,737) and annual operation and maintenance costs of $3120. To account for differences in storm depth design and differences in the runoff coefficient of each site, construction costs have been normalized by water quality volume (WQV) which ranges from $303 to $1307/m 3 WQV. The life cycle cost is $673/m 3 WQV over a 20-year life span which was estimated by adding the value of normalized expected operation and maintenance costs to normalized construction costs.
Summary and Future Development Trends
Overall, the dry DP is effective at removing particulate pollutants through sedimentation, but not at removing soluble pollutants. Concentration reductions were: TSS (72%), Total Cu (58%), Total Pb (72%), Total Zn (73%), particulate Cu (76%), particulate Pb (74%), and particulate Zn (84%). The results are generally consistent with studies performed in other regions [40] [41] [42] . In North Carolina, Stanley [42] found the median treatment efficiency was 71% for TSS, 45% for particulate N, 33% for particulate P, and 26%−55% for metals. In Florida, typical removal rates reported by Schueler [41] were 61% for TSS, 19% for TP, 31% for TN, 9% for NO3-N, 26% to 54% for metals. In a national study on mitigating highway runoff, Young et al. [40] indicated reduction rate ranges varied with detention time: 68%-90% for TSS, 42%-50% for TP, 28%-40% for TN, 68%-90% for Pb, and 42%-50% for total Zn/Cu.
In our study, removal of reviewed nutrients was not promising. The removal rate of TN was lower than that of other regions, which must be confirmed by future studies. Ortho-P showed elevated concentration in the effluent, so designers should be aware of this and handle it with caution to prevent pollution problems.
Retention Pond
Definition and Applicability
Retention ponds (RPs), also known as wet retention ponds, wet extended detention ponds and wet basins, are constructed basins that have a permanent pool of water throughout the year, or at least throughout the wet season [35] . RPs are often built for water quality treatment purposes and can also be used for temporary runoff storage. Ponds treat incoming stormwater runoff by allowing particles to settle and algae to take up nutrients. Wet ponds can be applied in most U.S. regions, except extremely dry climates where it is difficult to justify the supplemental water needed to maintain a permanent pool due to water scarcity.
Benefits/Effectiveness
Yang et al. [38] evaluated performance of a retention basin in Logan, UT of 0.016 ha with 81% impervious area and Hydrologic Soil Group D. They reported an average TSS concentration reduction of around 54%.
In San Diego, a wet basin was constructed within the highway right-of-way to collect runoff from northbound lanes [39] . The site was constructed in sandy soil substrate rather than in the preferred substrate; an impermeable liner was included to improve the basin's water-holding capability and ensure continuous circulation. The watershed area was 1.7 ha with impervious cover of 48%.
In the wet season, the RP performed best at removing particulate constituents, including metals, from stormwater, but was less effective at removing phosphorus where influent and effluent concentrations were not statistically different from the study by Caltrans [39] . TSS and total metal removals were effective, and significant concentration reductions were observed for TSS (94%), NO3-N (77%), Tot. Cu (89%), Tot. Pb (98%), Tot. Zn (91%), Dis. Cu (57%), Dis. Pb (76%), and Fecal Coli. (99%), as shown in Table 4 . Note: * EM C = Event Mean Concentration. ** The concentration reduction was computed based on average mean EMC during the study period. *** Data summary was based on reference [39] .
Cost Analysis
RP systems often cost 25% to 40% more than other detention methods, depending on the contributing watershed area [43] . Maintenance typically consists of inspections, trash and debris removal, and mowing of embankments. Sediments must also be removed since failure to do so will decrease long-term performance. Based on a cost analysis [39] , construction cost is $448,412 and annual operation and maintenance cost is $16,980. The normalized construction cost is $1731/m 3 (WQV). The life cycle cost was estimated to be $2183/m 3 WQV over a 20-year span.
Summary and Future Development Trends
Overall, the wet pond in the San Diego area of California showed effective remo vals of TSS, NO3-N, and total metals, consistent with results of other studies [40, 44] . Reported average removal efficiencies in treating highway runoff were: TSS: 46%-84%, TP: 37%-49%, TN: 29%-34%, NO2 + NO3: 36%, Pb: 69%, and Zn: 59%; other metals ranged from 41% to 72%.
Besides high construction and maintenance costs, there are also environmental challenges for implementing wet ponds in southwestern/western regions. Since they require a relatively moist environment to be effective [40] , major design modifications are often needed in arid or semi-arid areas. Stormwater designers must design for a variable pool level with as much as a three-foot draw down during the dry season. Use of wetland plants along the pond's shoreline can help conceal the drop in water level, but managers also must consider chronic algal blooms, high densities of aquatic plants and occasional odor problems [36] . It is also difficult to justify supplemental water usage to maintain a stable pool level because of water scarcity.
Bioretention (Rain Garden)
3.4.1. Definition and Applicability Bioretention (BR) or rain gardens are landscaping features adapted to provide on-site treatment of stormwater runoff. Rain gardens are often used to reduce runoff through evapotranspiration and improve water quality through bioreduction. They are commonly located in parking lot islands or within small pockets of residential land. Surface runoff is directed into shallow, landscaped depressions designed to incorporate many pollutant removal mechanisms that operate in forested ecosystems. During storms, the runoff ponds above the mulch and soil; runoff from larger storms is generally diverted past the facility to a storm drain system and the remainder filters through the mulch and prepared soil mix. Filtered runoff can be collected in a perforated underdrain and returned to the storm drain system. Bioretention systems are generally applied to small sites and in highly urbanized settings. Moreover, they can be applied in many climatological and geologic situations, especially arid/semi-arid climates where major design modifications are needed. [35] .
Benefits/Effectiveness
A rain garden was built in a residential neighborhood in Lakewood, Colorado and vegetated with a drought-tolerant seed mixture and assorted plantings. The rain garden collected runoff from a medium density residential area of 0.77 ha with a composite impervious area of 46.7%. Runoff volume reduction, peak flow attenuation, and pollutant removal was monitored for three years (performance reported in Table 5 ). Removal of NH3-N, TSS, Cr, and Pb were significant, while concentrations for dissolved nutrients, as well as Be, Cu, As, Se, and Cd, were elevated after passing through the rain garden (Table 6 ). 
Cost Analysis
The total construction cost for the Lakewood rain garden project was $100,433. The facilities treated a total watershed area of 1.38 ha with 60.3% impervious area, or $120,692 per impervious hectare.
Summary and Future Development Trends
The rain garden effectively reduced average runoff volume by 53%. Removal of TSS (91%) and some metals was consistent with nationwide studies [45] [46] [47] [48] ; however, nitrogen and phosphorus removals were not promising. Although good removal of phosphorus was reported [48, 49] , all monitored phosphorus species showed that significantly elevated concentrations increased by 133%-350%. A possible reason is that nutrients in the media material were removed by runoff during storms since Dietz and Calusen [50] indicated rain garden soils were a source of stormwater pollutants. Nitrogen removal is challenging and removal performance varied greatly in other studies [51, 52] . In a recent study of nitrogen fate in bioretention systems, Li and Davis [53] suggested that preventing dissolved organic nitrogen (DON) leaching and creating denitrification conditions for NO 3-N are both critical for effective nitrogen removal. More investigation is needed to confirm the reason for elevated nutrients and to find solutions that improve performance of rain gardens in the southwest/west.
Media Filter
Definition
A stormwater media filter (MF) system captures and temporarily stores stormwater, passing it through a filter bed of sand, organic matter, soil or other media. Filtered runoff can be collected and returned to the conveyance system or allowed to partially exfiltrate into the soil. Filtering generally is adopted only to provide pollutant removal, although in exfiltration designs, some ground water recharge can be provided. Sand filters are widely used and can be applied in most regions and on most sites [35] .
Benefits/Effectiveness
Six sites in California (three in Los Angles, three in San Diego) implemented sand filters. The annual rainfall depth of the two locations during the study year was 25.4 mm and 33.0-48.3 mm, respectively. Watershed areas ranged from 0.3 to 1.1 ha, with impervious cover percentages of 56% to 100%. Five sites used an Austin-style sand filter and one a Delaware sand filter. The major design difference between the two is that Delaware maintains a permanent pool in the sedimentation chamber while Austin does not require one. Thus, slight variations in performance were observed as shown in Table 7 . The TSS and stormwater pollutant removals were ge nerally effective except for nutrients, particularly NO3-N. Concentration reductions were: TSS (81%−90%), TKN (53%), P (39%-44%), Tot. Cu (50%-66%), Tot. Zn (80%-92%), Tot. Pb (87%), Dis. Pb (40%), and Dis. Zn (61%-94%), as shown in Table 7 . 
Cost Analysis
The construction cost of the sand filters ranged from $230,145 to $314,346, with an average of $242,799, and normalized unit construction costs ranged from $746 to $2118/WQV. The annual operation and maintenance cost was $2910 [39] .
Summary and Future Development Trends
Sand filters are effective for pollutant removal except nitrates, which appear to be exported from filtering systems. Effective reductions were observed for TSS (81%-90%); and total and dissolved metals such as Tot. Cu (50%-66%), Tot. Zn (80%-92%), Tot. Pb (87%), Dis. Pb (40%), and Dis. Zn (61%-94%). The sand filter also indicated potential to remove Ortho-P and TP. NO3-N showed greater concentrations in the effluent which is consistent with reported performance in the International Stormwater BMP Database [54] . Compared to mean influent concentrations, however, effluent concentrations for TN and TKN were reduced by 32% and 53%, respectively.
The export of nitrates from filters, which can be attributed to mineralization of organic nitrogen in the filter bed, has been reported by previous studies [35] . Schueler and Holland [55] also indicated that composition of filter media and hydrologic design of the system are the primary factors that can affect N removal. They also suggested that designing an anaerobic zone in the bottom o f a filter bed may promote denitrification and potentially increase nitrate removal, which needs further investigation. Researchers found the design of an internal water storage layer (IWS) is effective in promoting denitrifying conditions in the other stormwater filtering system-rain gardens [56] . Future research could also test this IWS design in media filter systems, especially to solve the nitrate problem in nutrient-sensitive regions.
Porous Pavement
Definition and Applicability
Porous pavement (PP) encompasses a variety of media-from porous concrete and asphalt to plastic grid systems and permeable interlocking concrete pavement. Permeable and porous pavements reduce stormwater runoff by allowing water to soak through the paved surface into the ground below. They reduce runoff volumes at a considerably lower cost than traditional storm drain systems [35] .
Porous asphalt can be used by municipal stormwater management programs and private development. The runoff volume and rate control, plus pollutant reductions, allow municipalities to improve the quality of stormwater discharges through use of porous asphalt to reduce combined sewer overflows by infiltrating and treating stormwater on-site. Private development projects use porous asphalt to meet post-construction stormwater quantity and quality requirements.
Benefits/Effectiveness
Three types of porous pavements, permeable interlocking concrete pavement, porous asphalt pavement, and pervious concrete, were implemented in the Denver, Colorado metropolitan area. Watersheds range from 0.05 to 0.08 ha and consist of pavement and concrete walkways. Impervious area percentages range from 67% to 100%. When comparing measured flow at the reference site to the BMP site, flow volume reduction was 33% for permeable interlocking concrete pavement and 38% for pervious concrete pavement. Flow reduction was not available for the porous asphalt pavement site due to measurement problems. Significant constituent reductions were observed for Tot. Zn, COD, TKN, and TSS in permeable interlocking concrete pavement site; NO3 + NO2 and Tot. Se in porous asphalt site; and TSS, TP, TKN, COD and Cu in pervious concrete site.
Cost Analysis
No information documenting costs were found in the references.
Vegetated Swale, Buffer, and Strip
Definition and Applicability
Vegetated swale (also known as grassed channel, biofilter or bioswale) refers to a vegetated, open-channel management practice designed specifically to treat and attenuate stormwater runoff for a specified water quality volume [35] . As stormwater runoff flows along these channels, it is treated by vegetation slowing the water to allow sedimentation, filtering through a subsoil matrix or infiltration into underlying soils. Specific design features and methods of treatment differ in each design, but all are improvements over traditional drainage ditches. They incorporate modified geometry and other features that use the swale as a treatment and conveyance practice.
Swales are well-suited for treating highway or residential road runoff because they are linear [35] . Swales are also useful as one in a series of stormwater BMPs or as part of a treatment train such as conveying water to a detention pond or receiving water from filter strips. Grassed swales can be applied in most regions of the United States. However, their value in arid and semi-arid climates must be weighed against the amount of water needed to irrigate them.
Benefits/Effectiveness
Six bioswale sites in the Los Angeles and San Diego areas were evaluated for stormwater management benefits by the California Department of Transportation [39] . Bioinfiltration swales were used to manage water quality of highway runoff. Contributing watershed areas ranged from 0.08 to 0.96 ha with impervious cover above 90%. High removals for metals were observed, but reductions in other constituents generally were not significant (Table 8 ). For P, effluent frequently had higher concentrations than influent, which could be attributed to leaching from plants. Fecal Coli.
(MPN ***/100 mL) 12,300 16,000 −30 NA Note: * EM C = Event Mean Concentration. ** The concentration reduction was co mputed based on average mean EM C during the study period. Load reduction was co mputed based on total estimated wet season influent and effluent runoff volu mes for all sites and reported concentrations in the table. *** M PN: most portable number. **** Data summary was based on reference [39] .
A two-year water quality monitoring project evaluated the effectiveness of removing stormwater containments using roadside vegetated buffers [57] . Eight locations that represented the range of climate, vegetation coverage, and other regional factors that might impact pollutant removal by roadside vegetated buffer strips were selected across California. Soil type ranged from hydrologic group B to D; width of strip ranged from 1 to 13 m; and slope ranged from 5% to 52%. The quantity and quality of the runoff discharged from the buffer strip was compared to freeway runoff collected at the pavement edge. Buffer strips consistently reduced concentration of TSS and total metals, but were less effective in removing dissolved metals; no reduction was observed for N and P. To achieve effective reduction of constituents, a 5-meter wide strip was needed for sites with greater than 80% vegetation coverage and less than 35% slope. Vegetation species and height were similar at most sites and had no observed effect on performance, which is consistent with Yuan et al. [58] .
The reduction in pollutant mass transported to receiving waters was greater than reduction in concentration because of runoff lost to infiltration. The load reduction at each site was calculated from the pavement edge concentration, discharge concentration and runoff coefficient at the minimum buffer widths, as shown in Table 9 .
Cost Analysis
Caltrans [39] provided cost analysis for the biofiltration swale and strips: average construction costs are $57,818 and $63,037, respectively, and average unit costs are $752 and $748/WQV, respectively. Operation and maintenance are approximately $2750 for both.
Summary and Future Development Trends
USEPA [35] suggested that grassed swales effectively reduce TSS by 81%, show moderate reductions of TP by 29% and NO3-N by 38%, and metal removal efficiencies ranging from 14% to 55%. In this study, swales showed high reductions of TSS, nitrogen and metals, while TP and Ortho-P showed greater concentrations in effluent as well as in export of bacteria. Note: * −450% is greatly out beyond the range of other cases and was th us excluded fro m the final analysis.
** Data summary was based on reference [39] .
Green Roof
Definition and Applicability
A green roof is a building rooftop partially or completely covered with vegetation, over high quality waterproof membranes, to compensate for the vegetation removed when the building was constructed [59] . It can be used to reduce stormwater runoff from commercial, industrial, and residential buildings and it also helps mitigate the urban "heat island" effect. Green roofs are applicable in all parts of the country. In climates with extreme temperatures, they provide additional building insulation, making them more financially justifiable [35] . On the other hand, they may create problems in arid/semi-arid climates because of their need for irrigation.
Effectiveness
The green roof installed at EPA's Region 8 Office in Denver, CO retained more than 80% of the rainfall it received [60] . Another green roof in Denver on top of a parking structure which has 45% impervious cover in the 0.2 ha contributing area indicated a three-year average efficacy of 68.7% (Table 10) . Note: * Data was based on experiment.
Cost Analysis
Costs of green roofs are associated with size and type: shallow (extensive) roof systems often cost less than deeper (intensive) ones; the cost per square foot also is typically lower for larger green roofs. Square foot costs for ten case studies in Design Guidelines and Maintenance Manual for Green Roofs in the Semi-Arid and Arid West [61] ranged from $13 to $58, with the average close to $30; case studies included both extensive and intensive roofs. These costs could decrease in the future because of incentives provided at the municipal level.
Summary and Future Development Trends
Since conventional roofing can be a source of numerous toxic pollutants, green roofs increasingly are used to manage stormwater. Average rainfall retention by green roofs varies between 40 % and 83% in the U.S., depending on depth of roof soil layers [51, 52] ; the performance has been shown to decrease with increasing rainfall amounts. Green roofs also have shown potential in reducing pollutants such as nitrogen and phosphorous due to soil microbial processes and plant uptake. Current studies presented conflicting results for nutrient removal, particularly nitrogen. Very few have quantified removal of nutrients and other stormwater pollutants from green roof systems [51, 61] .
Beside stormwater management benefits, green roofs help reduce energy for building cooling and mitigate effects of the urban heat island by sequestering greenhouse gas emissions. They also extend the roof's lifetime: conventional roofs typically require replacement every 10-20 years, while green roofs only every 40-50 years. In dense, urban settings, green roofs also provide valuable recreational space and can reduce stormwater management costs by red ucing or eliminating the need for stormwater vaults or ponds. EPA's Region 8 Office, for example, reduced the cost of the below-ground stormwater detention vault from about $363,800 to $150,000 [60] .
Infiltration Basin/Trench
Definition and Applicability
An infiltration basin/trench (or infiltration galley) is a rock-filled trench with no outlet that receives stormwater runoff and is designed to infiltrate stormwater into the soil. Stormwater runoff passes through a combination of pretreatment measures such as a swale and detention basin and into the trench where runoff is stored in the void between the stones and then infiltrates through the bottom into the soil matrix [35] . Infiltration basins can be utilized in most regions, although their use at a site is often restricted by concerns over ground water contamination, soils, and clogging. In regions with karst topography, these stormwater management practices may not be suitable due to increased potential for sinkhole formation and ground water contamination.
Effectiveness
Infiltration basins are believed to have a high pollutant removal efficiency and can also help recharge the ground water, increasing baseflow to stream systems. They can be challenging to apply on many sites, however, because of their soil requirements. Studies have also shown relatively high failure rates compared to other management practices [35] .
Two infiltration basins were implemented near highways in California to collect runoff from the highway (San Diego area) and from a maintenance station (Los Angeles area). Core samples at varying depths were analyzed to determine the rate at which constituents were transported to the subsurface; data were collected for zinc, lead, copper, and total petroleum hydrocarbons. Although few differences were shown at different depths, the pilot study was not of sufficient duration to fully discover the potential of pollutants to be transported within the site's soil, and further investigations are needed. The runoff contains fertilizers, pesticides, and reclaimed water used in landscape maintenance, as well as trash, motor oil, and automotive debris from roads and parking surfaces. The integrated BMP consists of a detention-based stormwater management system, a series of low-capacity vegetated swales and one high-capacity vegetated swale. Sedimentation, vegetative uptake, and flow impoundment were identified as the chief mechanisms preventing pollutant discharge into downstream wetland s, while detention capacity was the most important factor in enabling them.
Integrated LID Practices
Load Reduction was estimated based on the fact that only one-third of all storms passed through the system, while two-thirds of the rainfall were retained. Assuming the monitored storms reflect the average number of storms in the region, removal efficiencies for stormwater pollutants are summarized in Table 11 . Notes: * NA means data are not available. ** Data was based on experiment.
The City of Santa Monica, CA installed a green street project to demonstrate how comprehensively structural BMPs can harvest urban runoff for infiltration, in both dry and wet weather, keeping this single largest source of water pollution out of the Santa Monica Bay [62] . In a highly urbanized residential-commercial city block, four types of BMPs were installed: sub-surface plastic concave infiltration chambers under the parking lane; wider, depressed parkways with climate-appropriate flora and low-volume solar-powered irrigation; gutter-oriented catch basin filters; and pervious concrete parking lanes. The project harvested any dry weather runoff and up to 80% of wet weather runoff. Water quality analyses showed significant removal of heavy metals; mixed results for nutrients; and reduction in bacteria. TSS increased because the influent was relatively clean; however, the runoff picked up fine materials to increase TSS as it filtered through the soil. It is suggested that using depressed and widened parkways with sub-surface infiltration under them is a cost-effective solution for street runoff control.
Cost Analysis
The cost of constructing the swales and stormwater management was approximately $400,000 over the five-year establishment phase.
Effectiveness Evaluation and Comparison of LID/GI Practices
Comparison of Runoff Reduction
Ranges of median runoff/peak flow reduction rates are summarized in Table 12 . The green roof and rain garden indicated promising runoff reduction, while porous pavement was less effective. All observations were from Colorado sites, and reported depth of rainfall events averaged around 0.5 inches. More quantitative examinations are needed to comprehensively evaluate the runoff reduction performance of LIDs/GIs in other southwestern/western regions and with different rainfall quantities. 
Comparison of Water Quality Constituents Removal
Performance data on removing water quality pollutants were available for five practices; ranges of average removal rates are summarized in Table 13 . All five were very effective in TSS reduction, with removal rates generally above 50% (shown in Figure 1 ). The Media Filter had the highest TSS removal rate at 81%-90%. For nitrogen species (NO3-N, TKN, and TN), dry ponds and vegetation swale and buffers showed moderate removal (see Figure 2) ; in comparison, retention ponds performed best, especially in their capacity to control NO3-N. Bioretention and media filters both indicated significant export of NO3-N which should be used with caution in nitrogen-sensitive regions. For phosphorous species (Ortho-P and TP), almost all practices showed either low removal or export problems; only media filters showed moderate TP removal (39%-44%) and Ortho-P (11%-24%).
For metal species Cu, Pb, Zn (total, dissolved, particulate), moderate-to-high removals were observed for all practices except bioretention (rain garden). Since it is possible that nutrients in the rain garden media material were washed off by runoff during storms, more investigation is needed to evaluate its effectiveness in reducing metal species. Figure 1 . Since the removal rate can be exaggerated by a small denominator, especially for pollutant export phenomena when the rate drops below −100%, the rate would be rounded to −100% to indicate significant export). 
Conclusions and Recommendations
The effectiveness of each practice is summarized and compared in Table 12 . Retention ponds are not recommended due to their relatively high maintenance costs and need for water. Rainwater harvest systems, detention ponds, media filters, and vegetation swale/buffers are generally recommended, but many should be implemented with caution because of nutrient export problems. More research is needed on metal leaching in bioretention (rain garden) systems. Green roofs were shown to be both economical and effective in reducing runoff, especially considering the cost of land; irrigation needs might limit its use where water is scarce, however. Due to the limited number of studies we reviewed, more research on LID/GI application in arid/semi-arid areas is needed. For three sites, a total of $400,000 over 5-year establishment Note: Infiltration basin/trench was not summarized due to lack of performance data.
